the relative impact of individual indicators on specific priate use may be with data from long-term agroecosystem experagroecosystem functions (Brubaker et al., 1994; Smith iments. et al., 1994; Wander and Bollero, 1999) , but they fail to characterize overall performance across multiple functions.
I nterest in sustainable agriculture has increased One approach that perhaps comes closest to assessing the importance of understanding the impact of manthe impact of management on multiple agroecosystem agement practices on agroecosystem functions. Agrofunctions involves the use of performance-based indices ecosystem functions, such as food and fiber production, Parkin, 1994, 1996; Karlen and Stott, 1994) . nutrient cycling, mediation of water flows, and regula-Based on the general method of multiattribute ranking (Stillwell et al., 1981; Edwards and Newman, 1982) , val-on grain yield, percentage of nutrients in grain, or storage and tifying functional relationships among agroecosystem handling parameters. Indicators of greenhouse gas regulation components (Wagenet and Huston, 1997) , it has been may include CO 2 and CH 4 flux, N 2 O emissions, and selected demonstrated to be particularly useful in discriminating soil properties such as soil organic C and near-surface soil NO 3 .
among a diverse array of management systems in the It is unlikely that all functions can be included when de-USA and abroad Ericksen and termining agroecosystem performance with this procedure. McSweeney, 1999; Karlen et al., 1999; Glover et al., 2000) .
For instance, when using an existing data set, as with our
There is a need to further develop indexing apexample, only four agroecosystem functions could be repreproaches to determine the relative sustainability of agsented with appropriate indicators. Functions with associated ricultural management systems within the context of indicators included food production (grain yield and grain N content), raw materials production (stover yield and stover N multiple agroecosystem functions. The objective of this content), nutrient cycling (residual or postharvest soil NO 3 at paper is to present one such approach. 0-183 cm and soil pH at 0-7.6 cm), and greenhouse gas regulation (soil organic C at 0-30.5 cm and early spring soil NO 3 at METHODS 0-7.6 cm). If presented as equations, agroecosystem functions Efforts to develop a performance-based index to evaluate using the example data set would be characterized in the the relative sustainability of agricultural management systems following manner: arose from analyzing and evaluating data from a long-term
Food production ϭ f (grain yield, grain N content) sured every 2 or 4 yr, depending on the parameter. A more Once indicators have been selected to represent agroecosysthorough review of the treatments and data set are pretem functions, the relative importance of each function on sented elsewhere (Peterson and Varvel, 1989a , 1989b , 1989c  agricultural sustainability is estimated. While this is an inher- Varvel, 1994) . ently subjective task, regional differences in emphasis on pro-For this paper, a restricted set of treatments from the experiduction and local and/or global environmental quality may ment was used in an example of the indexing procedure. Sperequire some functions to receive greater weight than others. cifically, results from conventional (continuous corn cropping Weighting values range from 0 to 1, and the sum of the weights sequence at a fertilization rate of 180 kg N ha Ϫ1 ) and alternadoes not exceed 1. To simplify the presentation of the example tive (corn-oat ϩ clover-grain sorghum-soybean cropping seprovided here, equal weight was given to each agroecosysquence at a fertilization rate of 90 kg N ha Ϫ1 ) treatments will tem function: be presented.
The indexing procedure followed four basic steps: data 
Food production Yield Quality and nutrition of food produced
Step 1: Group Data within Agroecosystem Functions
Raw materials production Yield
The procedure is initiated by surveying the data set for Quality and nutrition of fiber produced indicators that could be grouped within agroecosystem func- treatments with respect to an individual indicator's impact on where W fp , W rmp , W nc , and W ggr are the relative weights given an agroecosystem function. For the example data set, the to food production, raw materials production, nutrient cycling, following assumptions were made for the food production, and greenhouse gas regulation, respectively (all 0.25). Using raw materials production, nutrient cycling, and greenhouse this approach creates unintended weighting of each function gas regulation functions, respectively: (i) higher values for proportional to the number of indicators associated with it grain yield and N content were considered to enhance agricul-(i.e., functions characterized by a greater number of indicators tural sustainability; (ii) higher stover yield and N content were have a greater impact on agroecosystem performance). Conseconsidered to do the same; (iii) lower levels of residual soil quently, the relative weights may be adjusted for each function NO 3 were considered to reflect more efficient nutrient uptake to account for differences in the number of indicators among by crops, and a value of 7.0 for soil pH was established as an functions.
optimum for nutrient cycling based on knowledge of row crop performance in the western Corn Belt as well as pH-dependent biological processes related to nutrient cycling efficiency (Pa-
Step 2: Calculate Treatment Averages triquin et al., 1993; Smith and Doran, 1996) ; and (iv) higher With indicators categorized within agroecosystem funcvalues for soil organic C represented reduced loss of soil C tions, the next step is to calculate treatment averages for each to the atmosphere while lower levels of early spring soil NO 3 indicator. The type of average calculated depends on characrepresented decreased potential for N 2 O emissions from deniteristics of the indicator. For example, some indicators are trification. best evaluated over time; doing so lessens the influence of After the treatment values are ranked, they are scored climatic variation (e.g., crop yield year to year). Conversely, based on their relative difference from the optimal value. The some indicators are cumulative in their influence on agroecomost straightforward approach for data arranged in descendsystem functions, increasing or decreasing over time (e.g., soil
ing order is to assign a score of 1.0 to the highest treatment. organic C).
Remaining treatment values would then be scored based on For the data set used in the development of the procedure, their percentage of the highest treatment value. For example, treatment averages were calculated over time (12 yr) for all if Treatment A has the highest grain yield among three treatindicators except soil organic C and soil pH, which were both ments at 4.0 Mg ha Ϫ1 , followed by Treatment B and C at 3.0 calculated at the end of a 12-yr period ( Table 2) . and 2.0 Mg ha Ϫ1 , then based on an assumption that higher grain yield enhances the food production function and thereby
Step 3 Whereas the highest treatment values are in the denominaor descending order, depending on whether a higher value tor when treatments are arranged in descending order, treatfor the indicator is considered good or bad with respect to ments arranged in ascending order (where a lower value is enhancing agricultural sustainability. Ranking can also follow more optimal) are scored with the lowest value in the numeraguidelines other than simple good or bad criteria. For instance, tor. Additionally, for indicators that possess a threshold value, where an ecological threshold is known for an indicator [e.g., treatments are scored with the value in either the numerator or denominator depending on whether treatment values are pressed using an appropriate mathematical relationship (e.g., * Values within a row for an indicator followed by a different letter are logarithmic or exponential), and scores could be computed significantly different at P Յ 0.05 using Fisher's protected LSD.
from a prediction curve (Karlen et al., , 1999 . † Conventional treatment, continuous corn cropping sequence at a fertilization rate of 180 kg N ha Ϫ1 ; alternative treatment, corn-oat ϩ clover-grain sorghum-soybean cropping sequence at a fertilization rate of 90 kg N ha Ϫ1 .
Step 4: Sum Scores within and across ‡ Averages for grain and stover yield, grain and stover N content, and Agroecosystem Functions soil NO 3 were calculated over a 12-yr period (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) . Averages for soil organic C and soil pH were determined from 1994 data only. Data
The relative performance of one treatment to another for grain and stover yield and N content in the alternative treatment are specific for corn.
within an agroecosystem function is determined by summing The capacity of the indexing procedure to translate can proceed without giving one indicator greater priority over others.
Benefits and Drawbacks
If, however, one indicator has an overriding effect on an agroecosystem function, its precedence over others can be The approach to assess agroecosystem performance expressed by giving it greater numerical weight. One approach outlined in this paper is simple and conceptually to achieve this is to give the indicator with the overriding straightforward. It is inclusive as far as assessing the opportunities to assign greater or lesser importance to A weighted score for each nonbenchmark indicator could be an agroecosystem function or individual indicator is posderived by multiplying each nonbenchmark indicator score sible with this procedure. Weighting agroecosystem with the correlation coefficient (r ) from the regression between treatment values for benchmark and nonbenchmark functions and assigning benchmark indicators allows ussame reasons that make indexing attractive also limit its use to general characterizations of agroecosystem characteristics that made the experiment an appropriate data source for the development of an index. performance.
A major concern with the index relates to its emphasis The experiment was conducted over a long enough time period (16 yr) so that treatments could express on the environmental dimension of agricultural sustainability. The index, due to its focus on agroecosystem their impacts on crops, soils, and the environment. Furthermore, treatments in the experiment covered a rela-functions, possesses a strong environmental bias based on the types of indicators used to quantify performance.
tively wide spectrum of management options that included crops (four plus a cover crop), crop sequences Agricultural sustainability, however, encompasses not just an environmental dimension, but economic and so-(seven), and fertilization levels (three). Consequently, the range of management options increased the likeli-cial dimensions as well (Harwood, 1990 ). An ideal index would integrate all three dimensions. Failure to do so hood that treatment differences would be found over time. would result in a slanted representation of agroecosystem performance and agricultural sustainability.
Additionally, the quantity and quality of data collected during the experiment facilitated the develop-For example, nowhere with the approach outlined above would the user know the conventional treatment ment of the index. Indicators measured throughout the course of the experiment were reflective of a wide range had an average net return $56.41 ha Ϫ1 yr Ϫ1 greater than the alternative treatment (Glenn Helmers, personal of agroecosystem functions. This is important because the usefulness of agroecosystem performance scores as a communication, 2000). Nor would the user be aware of the social consequences of either treatment (e.g., relative measure of agricultural sustainability is directly proportional to the number of functions and relevant attributes of producer satisfaction, labor requirements, output/input energy ratio, and off-site costs of environ-indicators included in the procedure. Data requirements of the index, however, do not nec-mental degradation). These are major omissions when essarily limit its use with the type of experiment outlined evaluating agroecosystem performance. However, inteabove. Data from experiments conducted over a shorter grating environmental, economic, and social dimensions time frame (3-5 yr) could be used, depending on the in a single index is a daunting task, owing to the comchoice of indicators used to represent individual funcplexity of each dimension (Sands and Podmore, 2000) .
tions. Conversely, data from single point-in-time evalua-A more practical approach to quantify agroecosystem tions (i.e., fenceline comparisons of different manageperformance and agricultural sustainability would be to ment practices) may not be suitable for the index start with a single dimension-as essentially done herebecause many agroecosystem functions are best characand then work toward an integrated measure.
terized over multiple years. A more specific drawback of the indexing approach relates to the difficulty in determining which agroecosystem function (or functions) directs an overall perfor-SUMMARY mance score upward or downward. The inclusion of A simple performance-based index was developed many agroecosystem functions in the procedure reto determine the relative sustainability of agricultural quires performance scores to be dissected to determine management systems within the context of multiple each function's relative impact on the final score. This agroecosystem functions. The index was successful in task may seem cumbersome, but it forces users to dediscerning differences in agroecosystem performance velop a better understanding of individual management between contrasting management systems in a longdecisions with respect to their impact on components term cropping systems experiment in the western Corn of agricultural sustainability.
Belt. Requirements of the indexing procedure, however, The use of numerical weights to assign greater or may make its use to be most appropriate with data from lesser importance to agroecosystem functions as well as long-term agroecosystem experiments. Despite this limthe selection of benchmark indicators may be considitation, the procedure has the potential to effectively ered arbitrary because assumptions are needed in each evaluate management systems across multiple agroecocircumstance. Assumptions must be made using best system functions, thereby giving users a simple measure professional judgment based on credible information.
to assess agricultural sustainability. Even so, arguments over why one function was given greater weight than another or why one indicator was considered a benchmark indicator and another was not
